T he utility of positron emission tomography-computed tomography (PET-CT) in distinguishing Richter's transformation versus chronic lymphocytic leukemia (CLL) progression after ibrutinib and/or idelalisib was assessed in a post hoc analysis of a phase II study of venetoclax. Patients underwent PET-CT at screening and were not enrolled/treated if Richter's transformation was confirmed pathologically. Of 167 patients screened, 57 met criteria for biopsy after PET-CT. Of 35 patients who underwent biopsy, eight had Richter's transformation, two had another malignancy, and 25 had CLL. A PET-CT maximum standardized uptake value (SUVmax) ≥10 had 71% sensitivity and 50% specificity for detecting Richter's transformation [Odds Ratio (OR): 2.5, 95%CI: 0.4-15; P=0.318]. Response rate to venetoclax was similar for screening SUVmax <10 versus ≥10 (65% vs. 62%) (n=127 enrolled), though median progression-free survival was longer at <10 months (24.7 vs. 15.4 months; P=0.0335). Six patients developed Richter's transformation on venetoclax, of whom two had screening biopsy demonstrating CLL (others did not have a biopsy) and five had screening SUVmax <10. We have defined the test characteristics for PET-CT to distinguish progression of CLL as compared to Richter's transformation when biopsied in patients treated with B-cell receptor signaling pathway inhibitors. Overall diminished sensitivity and specificity as compared to prior reports of patients treated with chemotherapy/ chemoimmunotherapy suggest it has diminished ability to discriminate these two diagnoses using a SUVmax ≥10 cutoff. This cutoff did not identify venetoclax-treated patients with an inferior response but may be predictive of inferior progression-free survival. (Registered at clinicaltrials.gov identifier: 02141282)
Introduction
Chronic lymphocytic leukemia (CLL) is an indolent, low-grade B-cell lymphoproliferative disorder, which can undergo Richter's transformation (RT) to a diffuse large B-cell lymphoma (DLBCL) 1 or Hodgkin lymphoma. The prognosis of RT is extremely poor, with a median survival of about eight months. [2] [3] [4] [5] Clinical signs and symptoms associated with RT are non-specific and include rapid clinical deterioration. 6 Potential factors that may predict RT include mutational status, such as TP53 dysfunction (including 17p deletion and/or TP53 mutation), advanced stage disease, disease burden, and therapeutic regimen. 1, 6, 7 Chronic lymphocytic leukemia generally exhibits low levels of 18-F-fluorodeoxyglucose (FDG) uptake on positron emission tomography-computed tomography (PET-CT), compared to aggressive lymphomas and transformed lymphomas. 8, 9 This difference suggests that PET-CT would be a useful tool for distinguishing aggressive versus indolent lymphomas and for selection of nodes for transformation confirmation biopsy. Various studies examining CLL and RT provide a considerable amount of data to inform the use of PET-CT imaging as a tool for distinguishing RT from CLL after chemoimmunotherapy, including standardized uptake value (SUVmax) cutoff thresholds. 3, 9, 10 Recent studies have emphasized the unfavorable prognosis for patients with RT following treatment with targeted agents, such as the B-cell receptor signaling pathway inhibitors (BCRi) ibrutinib or idelalisib. 11, 12 Patients who progress after BCRi therapy often demonstrate highly proliferative CLL, even in the absence of a RT, possibly relating to biological differences required for rapid disease progression after BCRi, and thus requiring re-evaluation of PET-CT SUVmax cutoffs for distinguishing RT from CLL.
Venetoclax is a selective, orally bioavailable small-molecule BCL-2 inhibitor that has been approved for patients with previously-treated CLL del(17)(p13.1) and for those without del(17)(p13.1) or TP53 mutation who have not responded to chemoimmunotherapy and BCR-inhibitor therapy. 13, 14 Given the promising efficacy of venetoclax across a broad range of patients with relapsed/refractory CLL, 15, 16 an open-label, phase II study was conducted to evaluate venetoclax monotherapy in patients with CLL refractory to or progressed after discontinuation of ibrutinib or idelalisib. Per protocol, all consenting patients were required to undergo PET-CT imaging at screening, with FDG-avid lymph node biopsy in patients with a suspicion of RT. Here we describe a post hoc analysis to determine if PET-CT and/or patient characteristics were able to differentiate RT versus CLL progression for patients who discontinued BCRi. We also report on the incidence of RT on venetoclax in these patients and how pre-venetoclax PET-CT SUVmax may predict clinical outcomes.
Methods

Study design and overview
Data from a phase II, open-label, multicenter trial (clinicaltrials.gov identifier: 02141282) of venetoclax monotherapy enrolled patients with CLL relapsed/refractory following ibrutinib or idelalisib were analyzed post hoc. 17 At each participating site, the institutional review board approved the study protocol and amendments. Study activities were conducted in accordance with ethical principles established in the Declaration of Helsinki and the International Conference on Harmonization Guideline for Good Clinical Practice. All patients provided written informed consent.
Patients
Adults with CLL refractory to or progressed after discontinuation of ibrutinib or idelalisib who required therapy according to 2008 International Workshop on Chronic Lymphocytic Leukemia (iwCLL) criteria 18 were eligible. Included patients had Eastern Cooperative Oncology Group performance score of ≤ 2, adequate bone marrow function (absolute neutrophil count ≥1x10 9 /L, platelet count ≥30x10 9 /L, hemoglobin ≥8 g/dL), and creatinine clearance ≥50 mL/minute. Patients were excluded if RT was confirmed on biopsy (see details below), and if they had active and uncontrolled autoimmune cytopenias, unresolved toxicities from prior therapy, or allogeneic stem cell transplantation within one year of study entry. 17
Venetoclax treatment
Venetoclax was administered orally once daily beginning no sooner than three days after the last prior therapy. Patients received 20 mg daily for one week, followed by a weekly dose increase to reach the final dose of 400 mg daily by week 5. 17
Assessments
Screeningpatients who signed informed consent, had at least one screening assessment; in case of failed screening they did not proceed on the study. PET-CT imaging within 28 days prior to venetoclax administration was performed on all patients; results were locally reviewed and the node with highest SUV that met protocol criteria was chosen to have either excisional or core biopsy. Based on published literature, 3, 9, 19 and as per the study protocol, biopsy of the suspicious area was mandatory if FDG uptake on PET-CT scan was above SUVmax ≥10, or for patients with CD38 positive, ZAP-70 positive, TP53 disrupted or IGHV unmutated CLL with SUVmax 4-10 with at least one of the following: Bsymptoms, lymph node >5 cm, and/or lactate dehydrogenase (LDH) elevation. Additional screening procedures and on-study assessments are described in the Online Supplementary Appendix.
Statistical analysis
Using June 30 th 2017 as the data cutoff, this post hoc analysis was conducted to evaluate PET-CT characteristics (lymph node SUVmax ≥5 and SUVmax ≥10) and patients' clinical features that may differentiate RT from CLL progression for patients who were screening for this study following discontinuation of prior BCRi therapy. 3, 9 Descriptive statistics were used to describe PET-CT test characteristics and patients' clinical features. Logistic regression analyses were performed to evaluate if biopsy following PET-CT could differentiate RT post-BCRi therapy during screening. Additional available data on clinical/laboratory parameters for CD38, ZAP70, TP53 and IGHV mutation status, LDH, beta-2 (β2)microglobulin, and tumor size by logistic regression were also evaluated to determine if any of these patient features may distinguish RT from CLL in this patient population. Based on statistical experience, the small sample size, and uniform direction for all analyses for clinical applicability, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the receiver operator characteristic (ROC) curve were calculated. The following definitions were used.
Sensitivity: number of patients with true positive divided by observed positive;
Specificity: number of patients with true negative divided by observed negative;
PPV: number of patients with true positive divided by estimated positive;
NPV: number of patients with true negative divided by estimated negative.
Statistical analyses were evaluated for all patients who enrolled and received at least one dose of venetoclax. Overall response rate (ORR) was calculated with a 95% confidence interval based on binomial distribution. Kaplan-Meier methods were used for timeto-event analyses. Differences in outcomes on venetoclax were stratified based on screening SUVmax cutoff of 10. SAS software (SAS Institute Inc., Cary, NC) was used to generate all statistical summaries. Unless otherwise stated, statistical analyses were 2sided with P≤0.05 considered significant.
Results
Patients' characteristics
A total of 167 BCRi-failure patients were screened for this study (Online Supplementary Figure S1 ). There were 40 patients who were screened but did not proceed in the study: 20 27 failed to meet inclusion criteria per study protocol [most commonly due to inadequate liver or renal function (n=9), biopsy confirmed RT (n=7), and inadequate bone marrow function (n=5)], nine withdrew consent (for different reasons), and four did not participate for other reasons [investigator decision, second primary malignancy discovered on screening (not RT), spleen biopsy required to assess for RT but not recommended by investigator, congestive heart failure (n=1 each)]. Demographics and baseline characteristics for all screened patients are presented in Table 1 . Patients had received a median of four prior therapies (range: 1-15), 42% of patients with available data had chromosome 17p deletion (del[17p]), 30% had TP53 mutation, and 79% had unmutated IGHV.
Positron emission tomography-computed tomography imaging and biopsy at screening
Of the 167 screened patients, 84 (50%) had a lymph node with SUVmax ≥5 and 25 (15%) patients had SUVmax ≥10 (Table 1 ). 3, 9 Following PET-CT imaging, 57 patients met protocol criteria for the required core biopsy of the FDG-avid lymph node to evaluate for RT, of whom 22 failed screening for other reasons and did not have a biopsy. (Other reasons for screen failure were heterogeneous and have been previously reported 20 ) (Online Supplementary Figure S1 ). Of the remaining 35 patients who underwent biopsy, 19 had SUVmax ≥10 and 16 had SUVmax <10 with other high risk clinical/laboratory features that mandated biopsy. Additionally, one patient had an abnormal CT result prior to study-related procedures which led to biopsy of a node during screening (patient did not have PET-CT at screening). Eight patients had RT: 22% of all patients who were biopsied (n=36) and 4.8% of all 167 patients progressing after BCRi screened for this clinical trial (all DLBCL). These eight patients were not enrolled on the clinical trial (Table 2 ), three failed screening due to other reasons including other malignancies (metastatic anal cancer and neuroendocrine tumor), and 25 patients had a biopsy demonstrating CLL without transformation and were subsequently enrolled on study. Of the eight patients with biopsy-confirmed RT, five had In a prior analysis, Michallet et al. showed that SUVmax >10 was the most effective cutoff value to identify RT in patients largely treated with chemotherapy or chemoimmunotherapy. 10 Given this, we also evaluated this cutoff in the post-BCRi setting. In the current analysis, screening SUVmax ≥10 had 71% sensitivity, 50% specificity, 26% PPV, and 88% NPV for detection of biopsy-confirmed RT versus CLL progression in patients post-BCRi therapy [odds ratio: 2.5 (0.4-15); P=0.318)] ( Table 3 ). The ROC area for SUVmax ≥10 was 61%. Other reports have shown that SUVmax ≥5 provided high sensitivity and specificity to distinguish RT in patients treated with chemotherapy or chemoimmunotherapy. 3, 9 In BCRi-exposed patients, we observed no difference in sensitivity with SUVmax ≥5 (71%), with decreased specificity for identifying RT (4%) versus what we report for SUVmax ≥10. SUVmax cutoff points of ≥11 and ≥12 were also evaluated, although the sensitivity remained the same or decreased compared Table 3 ).
Outcomes on venetoclax
At the time of analysis, patients enrolled on study had been on venetoclax for a median of 10.3 months (range: 0.1-26 months). Falchi et al. had previously reported that patients with SUVmax ≥10 had an inferior survival on chemotherapy/chemoimmunotherapy; 3 therefore, we evaluated outcomes of venetoclax using this cutoff of screening SUVmax. The ORR on venetoclax was 65% (82 of 127) for all enrolled patients, and was similar when stratified by screening PET-CT SUVmax <10 (65%, 74 of 114) versus ≥10 (62%, 8 of 13) (P=0.81). Median progression-free survival (PFS) was longer for venetoclax-treated patients with screening PET-CT SUVmax <10 versus ≥10 [24.7 months (95%CI: 20.1, -) vs. 15.4 months [95% CI: 0.4, -]; P=0.0335), with Kaplan-Meier estimates at 12 months of 79% (95%CI: 69%, 85%) and 58% (95%CI: 27%, 80%), respectively ( Figure 1A) . The median time on study, including follow up, was 13.8 months (range: 0.03-31 months). Median overall survival had not been reached at the time of analysis, though 12-month estimates for patients with SUVmax <10 versus ≥10 were 94% (95%CI: 87%, 97%) and 76% (95%CI: 43, 92%), respectively (P=0.061) ( Figure 1B) . For patients who responded to venetoclax, the median duration of response had not been reached at the time of analysis, and 12-month estimates for patients with SUVmax <10 versus ≥10 were 90% (95%CI: 80%, 96%) and 75% (95% CI: 32%, 93%), respectively (P=0.17) ( Figure 1C) . In an intent-to-treat analysis, 29% (33 of 114) of patients with screening SUVmax <10 achieved minimal residual disease (MRD) negativity in peripheral blood, with 19 of these patients achieving this outcome by week 24. For patients with screening SUVmax ≥10, 23% (3 of 13) achieved MRD negativity in peripheral blood, with one who had this outcome by week 24. Of three patients with screening SUVmax ≥10 who achieved MRD negativity on veneto-clax, two are still on study and receiving treatment, and one patient discontinued venetoclax and later died due to squamous cell carcinoma of head and neck. There was no statistical difference in the rate of MRD-negativity in blood based on screening SUVmax ≥10 versus <10 (P=0.83).
Sixty-two (49%) patients discontinued venetoclax (Online Supplementary Figure S1) , with a median time to discontinuation for any reason of 8.6 months (range: 0.1-28). Thirty-three patients (26%) discontinued venetoclax due to CLL progression and six (4.7%) due to biopsy-confirmed RT following clinical findings and radiographic changes ( Table 4 ). The median time to CLL progression was 8.5 months (range: 0.1-28 months) and to RT was 12.8 months (range: 4.4-19.7 months) ( Figure 2 ). Of six Table 3 . Detection of biopsy-confirmed Richter's transformation (RT) versus chronic lymphocytic leukemia (CLL) progression based on positron emission tomography-computed tomography and clinical factors. patients who discontinued venetoclax due to a relapse with RT, two met criteria for biopsy and underwent biopsy at screening. Both biopsies were negative for RT, though one patient had prior RT and the other had prior DLBCL both more than two years prior to enrollment. Five of the six patients who developed RT on venetoclax had screening SUVmax on PET <10 and screening SUVmax for all six patients with RT was not statistically different from other enrolled patients (P=0.24).
Logistic regression analyses
Discussion
The diagnosis and management of RT remain challenging due to rapid progression and refractoriness to chemotherapy and targeted therapies. 3 Evaluation of patients following chemotherapy or chemoimmunotherapy showed that PET-CT imaging is helpful to detect RT and identify sites to target for biopsy, 3, 9, 10 with SUVmax of ≥10 identified as an optimal threshold for distinguishing RT versus CLL progression, 10 and associated with poor survival, independently of RT diagnosis. 3 Newer treatments, including BCRi or BCL-2 inhibitors, are highly active for patients with relapsed/refractory CLL 15, 16, 21, 22 and have begun to supplant the use of chemotherapy. Data reported here represent the largest series of prospective PET-CT scans performed based on predetermined criteria in patients following discontinuation of either ibrutinib or idelalisib. Of 167 patients who were screened for this phase II study, 57 met protocol criteria for a biopsy to evaluate for RT following PET-CT imaging, and RT was confirmed for 4.8% of all screened patients. Five of these patients had SUVmax ≥10 while the other two had SUVmax <10 with other factors associated with RT (e.g. LDH elevation or B symptoms). Based on this analysis, we report the test characteristics for PET-CT with SUVmax ≥10. We observed a lower sensitivity (71%) and specificity (50%) for SUVmax ≥10 in patients who have been exposed to BCRi therapy as compared to prior reports in patients not progressing on BCRi. 10 We emphasize the importance of biopsy to confirm clinical or radiographic suspicion of RT or a secondary malignancy. PET-CT should not be used without biopsy to diagnose RT.
Our data suggest that CLL progression following BCRi exposure may be more metabolically active compared to progression following chemoimmunotherapy. In addition, these data suggest no difference in FDG avidity in patients with CLL regardless of whether they were on their BCRi at the time of imaging or not. Only LDH above the upper limit of normal and β-2 microglobulin ≥3 mg/L had high sensitivity for detection of RT from CLL progression. Limitations of our study are the small sample size in each group of patients on or off BCRi at the time of PET-CT and the fact that other patient features (such as cytogenetics) were not available for all patients, so statistical analyses for those factors only include subsets of the patients with available data. Another limitation of the analysis was that PET-CT was not centrally reviewed and there may be differences in imaging methodologies, number of lymph nodes assessed per study, and interpretations of imaging studies. Though pathology results were also not centrally reviewed, all biopsies were reviewed by hematopathology experts at the study sites, which were major academic institutions. Although there was a relatively small number of patients with RT events included in these analyses, to our knowledge, this dataset is the largest of BCRi-treated patients who had PET-CT and were prospectively evaluated.
For 127 patients who enrolled in the study, no difference was seen in the response rate with venetoclax monotherapy when stratified by screening SUVmax of 10 in whom a biopsy ruled out RT, suggesting that PET-CT performed prior to venetoclax initiation may identify patients with an inferior PFS. We have identified a population of highrisk CLL patients previously treated with BCRi for whom venetoclax monotherapy may result in inferior PFS and in whom venetoclax-based combination regimens should be studied.
Whereas in prior ibrutinib studies, the development of RT appeared to be a relatively early event (median approx. 6 months), 23 occurrence of RT in the current study suggests that most patients with RT were prospectively identified and excluded from participating in this study utilizing the prespecified criteria for biopsy based on PET-CT imaging and other clinical features. It is also possible that there was a treatment effect of venetoclax, which would be consistent with the results for the DLBCL patients with RT in a previous Phase I study across non-Hodgkin lymphomas. 24 Venetoclax is currently being studied in CLL patients with RT (clinicaltrials.gov identifier: 03054896).
The primary role of PET-CT in patients with CLL is to identify the most appropriate target for biopsy to assess for the presence of RT or other malignancy. Overall, our data suggest that CLL progression may be more metabolically active on PET-CT following BCRi failure as compared to chemoimmunotherapy. PET-CT SUVmax cutoff of 10 was able to distinguish suspected RT from CLL progression at screening with a sensitivity of 71% and specificity of 50%, test characteristics which are modest compared to those reported in prior studies with chemotherapy or CIT-treated patients. 10 SUVmax cutoff of 10 at baseline also did not predict the development of RT in patients on venetoclax. Clinical features, including elevated β-2 microglobulin and LDH may provide additional information when considering biopsy to confirm RT. Future analyses including assessment of additional genetic fac-tors, BCR stereotypes, or gene expression could be tested as predictors for the risk of RT following BCRi exposure.
